Neurite outgrowth is the first step in the processes of neuronal differentiation and regeneration and leads to synaptic polarization and plasticity. Rab13 small G protein shows an increased mRNA expression level during neuronal regeneration; it is therefore thought to be involved in this process. We previously identified JRAB ( Neuronal cells are symmetrically shaped in the very early stages of development. When fully developed, they are asymmetrical, with one long thin axon. The polarization of cell morphology and the creation of synaptic contacts via elongation of the axon and dendrites during development is a crucial event in the process of neuronal differentiation and regeneration and is called neurite outgrowth (18, 23) . During neurite outgrowth, neuronal cells are stimulated to extend processes by a multitude of extracellular signals and eventually establish synaptic contacts by which they are able to communicate with one another.
Neuronal cells are symmetrically shaped in the very early stages of development. When fully developed, they are asymmetrical, with one long thin axon. The polarization of cell morphology and the creation of synaptic contacts via elongation of the axon and dendrites during development is a crucial event in the process of neuronal differentiation and regeneration and is called neurite outgrowth (18, 23) . During neurite outgrowth, neuronal cells are stimulated to extend processes by a multitude of extracellular signals and eventually establish synaptic contacts by which they are able to communicate with one another. It is clear that the process of neurite outgrowth requires massive transport of proteins such as receptors for extracellular signaling molecules or neuronal cell adhesion molecules to extensions of the plasma membrane, as well as replenishment of plasma membrane lipids. However, little is known of the details of the membrane traffic machinery involved in these processes.
In contrast, the role of cytoskeletal dynamics in neurite outgrowth is well established. Overwhelming evidence accumulated in recent years indicates that the Rho family of small G proteins play a critical role in the regulation of the actin cytoskeleton (5, 6, 8, 20) . The Rho family members RhoA, Rac1, and Cdc42 have been investigated most extensively. They participate in the reorganization of the actin cytoskeleton into distinct structures including lamellipodia, filopodia, and stress fibers (6) . Reorganization of the actin cytoskeleton at the tips of the developing neurites pushes the leading cell edge forward, indicating that actin cytoskeletal dynamics are necessary for neurite outgrowth (3, 13) .
The Rab family of small G proteins play important roles in mediating vesicular membrane traffic in eukaryotic cells (20, 25) . More than 60 mammalian Rab proteins have been identified and characterized. They are localized to different cellular compartments and control distinct transport systems. We have previously shown that Rab13, a member of the Rab family, and its effector protein, JRAB (junctional Rab13-binding protein)/ MICAL-L2 (molecules interacting with CasL-like 2), are involved in the transport of the cell adhesion molecules occludin and claudins to the tight junctional area in epithelial cells (14, 16, 21, 24) . Moreover, we identified actinin-4 as a JRAB/MICAL-L2-binding protein and found that actinin-4 links JRAB/ MICAL-L2 to filamentous actin (F-actin) (15) . These data allowed us to speculate that Rab13 might be responsible for the delivery of cell adhesion molecules or receptors for extracellular signals to the tips of the neurites, and that cross talk between Rab13-JRAB/MICAL-L2-mediated membrane traffic and actin dynamics is tightly coupled to the formation of neurites.
In the present study, we have analyzed the role of Rab13-JRAB/MICAL-L2 in neurite outgrowth using the rat pheochromocytoma cell line PC12, which differentiates into neuronal cells and extends neurites after addition of nerve growth factor (NGF). Our data demonstrate the coordination of Rab13-JRAB/ MICAL-L2-mediated membrane traffic with actin cytoskeletal rearrangement and suggest that this interaction might integrate membrane traffic and cytoskeletal dynamics during the process of neurite outgrowth.
MATERIALS AND METHODS
Plasmid construction. The cDNAs encoding wild-type Rab13 (Rab13WT), and the dominant active and dominant-negative Rab13 mutant proteins (Rab13DA and Rab13DN) were subcloned into pEGFP-C1 or pDsRed-C vec-tor, using the BamHI restriction sites. Construction of pCIneo-Myc-JRAB-F (full length of mouse JRAB) and -JRAB mutants was performed as reported previously (21) except for pCIneo-Myc-JRAB⌬CT and -JRAB⌬CC. JRAB⌬CT (amino acids 1 to 912) cDNA was generated by PCR using pCIneo-Myc-JRAB-F as a template and subcloned into the pCIneo-Myc vector. To obtain JRAB⌬CC cDNA, the coding regions for amino acids 1 to 805 and 913 to 1009 were amplifying by PCR using pCIneo-Myc-JRAB-F as a template. The products were ligated and subcloned into the pCIneo-Myc vector. For the production of green fluorescent protein (GFP)-or DsRed-fusion constructs, the cDNAs of JRAB-F and JRAB mutants were subcloned into pEGFP-C1 or pDsRed-C using the same restriction sites. Construction of pCIneo-Myc-actinin-4 was done as described previously (15) . All plasmids constructed in the present study were sequenced by using an ABI Prism 3100 genetic analyzer (Applied Biosciences, Foster City, CA).
Antibodies. The rabbit polyclonal anti-JRAB/MICAL-L2 antibody was raised against GST-JRAB-C and purified as described previously (21) . Mouse anti-Myc antibody (9E10) was produced from hybridoma, which was obtained from the American Type Culture Collection (Manassas, VA), and mouse anti-␤-tubulin antibody from Sigma-Aldrich (St. Louis, MO). Rabbit anti-green fluorescent protein (anti-GFP) and mouse anti-GFP antibodies and rhodamine phalloidin were purchased from Invitrogen (Carlsbad, CA). Production of the rabbit polyclonal antibody against actinin-4 was described previously (7) .
Cell culture and transfection. PC12 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS), 5% horse serum, 100 U of penicillin/ml, and 100 mg of streptomycin/ml and were maintained at 37°C in a water-saturated atmosphere of 90% air and 10% CO 2 . COS7 cells were cultured in DMEM with 10% FBS, 100 U of penicillin/ml, and 100 mg of streptomycin/ml and were maintained at 37°C in a water-saturated atmosphere of 90% air and 10% CO 2 . PC12 and COS7 cells were transfected by using the Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's instructions.
Pulldown assays. COS7 cells were seeded at a density of 5 ϫ 10 5 cells on 60-mm dishes and transfected the following day with 4 g of each plasmid using the Lipofectamine 2000. After a 48-h incubation at 37°C, the cells were washed once and scraped from the dishes in phosphate-buffered saline (PBS). The cells were lysed in 300 l of buffer A [10 mM Tris-HCl (pH 8), 1 mM EDTA, 1% (wt/vol) Nonidet P-40, 150 mM NaCl, 10 M (4-amidinophenyl)-methanesulfonyl fluoride]. The cell lysates were centrifuged at 4°C for 7 min at 16,100 ϫ g, and each supernatant was incubated for 90 min at 4°C with 2 g of purified GST-JRAB-C attached to glutathione-Sepharose beads. The beads were then washed with buffer A three times and resuspended in sodium dodecyl sulfate (SDS) sample buffer. Comparable amounts of the proteins that remained associated with the beads were separated by SDS-PAGE. The fraction of Myc-JRAB-F or -JRAB mutants bound to the affinity column was determined by immunoblotting with an anti-Myc antibody.
Immunocytochemistry. PC12 cells were seeded at a density of 4 ϫ 10 5 cells on a poly-L-lysine-coated 35-mm dish (Corning, Corning, NY) and transfected the following day with various DNA plasmids. After 48 h of incubation, the cells were fixed with 4% formaldehyde in PBS at room temperature for 20 min. The cells were then incubated in 5% goat serum and 0.1% Triton X-100 in PBS for 30 min. Next, they were incubated with primary antibodies for 1 h, followed by incubation with Alexa 488-, Alexa 546-, or Pacific Blue-conjugated secondary antibodies (Invitrogen) for 1 h. F-actin was labeled with rhodamine phalloidin (Invitrogen). The stained cells were observed under an Axiovert 200M imaging microscope (Carl Zeiss, Jena, Germany), LMS Pascal confocal-scanning microscope (Carl Zeiss) or an A1 confocal laser-scanning microscope (Nikon, Tokyo, Japan).
RNA interference (RNAi). The 25-mer small interfering RNA (siRNA) duplex targeting rat JRAB/MICAL-L2 (GenBank/EMBL/DDBJ accession no. XM_221956), as well as the control nonsilencing siRNA duplex, was obtained from Invitrogen and transfected by using Lipofectamine 2000 reagents (Invitrogen) according to the manufacturer's instructions. The target sequences were as follows for rat JRAB/MICAL-L2: #1, 5Ј-GATCAGACCAGGAGCTGTAAGG AGA-3Ј; #2, 5Ј-TCATGGTGGACTGGTTCCGGCTTAT-3Ј; and #3, 5Ј-GGC GTGAATCGGAACTCATGTACAA-3Ј. To prepare miRNA against JRAB/ MICAL-L2, the miRNA sequence of JRAB/MICAL-L2 was designed based on the target sequence of #3 siRNA and inserted into pcDNA6.2-GW/EmGFPmiR vector (Invitrogen). This plasmid as well as the control plasmid, pcDNA6.2-GW/EmGFP-miR-neg control plasmid (Invitrogen) was also transfected by using Lipofectamine 2000 reagents.
Quantitative real-time reverse transcription-PCR (RT-PCR). Total RNA was extracted from freshly prepared PC12 cells by using BioRobot EZ1 with a Universal Tissue kit (Qiagen, Valencia, CA) and reverse transcribed by using a QuantiTect reverse transcription kit (Qiagen) according to the manufacturer's specifications. Real-time PCR analysis was performed with an ABI 7500 realtime PCR system (Applied Biosystems) using TaqMan gene expression assays according to the manufacturer's instructions. To measure siRNA-induced knockdown of JRAB/MICAL-L2, the comparative C T method (⌬⌬C T ) for relative quantification was used.
Immunoprecipitation. PC12 cells or transfected COS7 cells were washed twice with PBS and lysed in buffer A. After removal of the cell debris, the lysates were incubated with an anti-JRAB/MICAL-L2 antibody bound to protein A-Sepharose FF (GE Healthcare Biosciences, Piscataway, NJ). The beads were washed three times with the lysis buffer and boiled in SDS sample buffer. These samples were used for the immunoblotting.
Immunoblotting. The cell lysates or the immunoprecipitates were subjected to SDS-PAGE. The separated proteins were transferred to the membrane by using the iBlot gel transfer system (Invitrogen). The membranes were probed with specific primary antibodies and then with horseradish peroxidase-coupled secondary antibodies (Jackson Immunoresearch Laboratories, West Grove, PA) using the SNAP i.d. protein detection system (Millipore, Billerica, MA). The immunoreactive proteins were visualized with an ECL-plus kit (GE Healthcare Biosciences).
Duolink in situ PLA. Duolink in situ proximity ligation assay (PLA) reagents were obtained from OLINK Bioscience (Uppsala, Sweden). PC12 cells expressing GFP-JRAB/MICAL-L2 were fixed with 4% formaldehyde, permeabilized with 0.1% Triton X-100, and then blocked in 1ϫ blocking stock (OLINK Bioscience). After incubation at room temperature with primary antibody for 1 h and secondary antibody conjugated with oligonucleotide for 2 h, assays were performed according to the manufacturer's instructions. The cells were observed with an Axiovert 200M imaging microscope (Carl Zeiss).
RESULTS

Effects of Rab13 mutants on neurite outgrowth in PC12 cells. Overexpression of Rab13 in PC12 cells has been shown to promote neurite outgrowth (4). Moreover, RNAi-based knockdown of Rab13 in PC12 cells resulted in marked reduction of neurite outgrowth in response to NGF treatment (4).
To elucidate the mode of action of Rab13 during neurite outgrowth, we expressed a GFP-tagged constitutively active ("dominant active") Rab13 mutant (Rab13Q67L, Rab13DA), and a dominant negative Rab13 mutant (Rab13T22N, Rab13DN) in PC12 cells, and measured the longest neurite of each cell after staining with ␤-tubulin. In the absence of NGF, PC12 cells expressing GFP-Rab13DA displayed long neurites, whereas control cells expressing GFP showed few neurites (Fig. 1A) . Remarkably, Rab13DA caused a considerable increase in the length of neurites (Fig. 1B) . Expression of Rab13DN increased the number of cells showing a rounded morphology with few neurites, even in the presence of NGF, whereas the length of neurites was increased in control cells expressing GFP (Fig.  1C) . The percentage of undifferentiated cells was increased in the GFP-Rab13DN-expressing cells (Fig. 1D ). These results suggest that activation of Rab13 is correlated with neurite outgrowth in these cells.
Cooperation of Rab13 and JRAB/MICAL-L2 in neurite outgrowth. Previously, we identified JRAB/MICAL-L2 as a Rab13 effector protein and showed that Rab13 and JRAB/MICAL-L2 regulate epithelial plasticity through the transport of cell adhesion molecules (21, 24) . We sought to examine whether the same system was involved in neurite outgrowth from PC12 cells. First, we produced a new anti-JRAB/MICAL-L2 antibody and evaluated it for investigation of JRAB/MICAL-L2 localization and expression in PC12 cells. To do this, we expressed Myc-tagged JRAB/MICAL-L2 in COS7 cells and confirmed that our new antibody specifically recognized the Myctagged JRAB/MICAL-L2 (Fig. 2Aa, left panel) . Next, we examined whether the new antibody was suitable for immuno-precipitation. The new antibody immunoprecipitated Myctagged JRAB/MICAL-L2 expressed in COS7 cells, but the control serum did not (Fig. 2Aa , right panel). We used this antibody to determine whether JRAB/MICAL-L2 is endogenously expressed in PC12 cells. Although endogenous JRAB/ MICAL-L2 was not detected by immunoblotting of whole-cell lysates (data not shown), it was immunoprecipitated from PC12 cell lysates using our new antibody (Fig. 2Ab) . We then used this antibody to characterize the localization of endogenous JRAB/MICAL-L2 in PC12 cells expressing GFP-Rab13DA. We found that JRAB/MICAL-L2 was concentrated in the perinuclear region and at the leading edge of extending neurites in PC12 cells expressing GFP-Rab13DA, whereas in the nontransfected cells it was localized to the perinuclear region only (Fig. 2B) . We also confirmed that the staining for endogenous JRAB/MICAL-L2 was reduced by knockdown of JRAB/ MICAL-L2 (Fig. 2F) . Moreover, when PC12 cells were transfected with pEGFP vector containing wild-type Rab13 (Rab13WT), followed by treatment with NGF, we found that endogenous JRAB/MICAL-L2 was colocalized with GFP-Rab13WT in the perinuclear region and at the leading edge of NGF-induced neurites (Fig. 2C) .
We next examined whether knockdown of JRAB/MICAL-L2 with RNA interference affected the neurite outgrowth of Rab13DA-expressed cells. We designed three siRNA oligomers targeting rat JRAB/MICAL-L2 (#1, #2, and #3). The siRNA oligomers were transfected into PC12 cells and 2 days after the transfection, mRNA expression was analyzed by realtime RT-PCR. siRNA #3 reduced the expression of JRAB/ MICAL-L2 mRNA to ca. 10% of the levels seen in control siRNA-transfected cells. Next, to determine the effect of JRAB/ MICAL-L2 knockdown on Rab13-mediated neurite outgrowth, we cotransfected siRNA #3 with pEGFP-Rab13DA into PC12 cells. We observed that JRAB/MICAL-L2 knockdown led to a reduction in the average neurite length in GFP-Rab13DA-positive, siRNA-transfected cells, compared to GFPRab13DA-positive, control siRNA-transfected cells (Fig. 2D) . As to the effect of knockdown, there is a significant difference in the number of neurites longer than 20 or 40 m between transfected and control cells (Fig. 2E) . We also examined the (Fig. 2G) . These results indicate that JRAB/ MICAL-L2 is necessary for Rab13-and NGF-induced neurite outgrowth. Exogenous expression of JRAB/MICAL-L2 inhibits neurite outgrowth. To further understand the function of JRAB/ MICAL-L2 in neurite outgrowth, we expressed GFP-tagged JRAB/MICAL-L2 in PC12 cells and stained them with ␤-tubulin. Surprisingly, we often observed accumulation of GFP-JRAB/MICAL-L2 in the perinuclear region with no significant neurite outgrowth even in the presence of NGF (Fig. 3A) . We then examined the effect of Rab13DA by transfecting pDsRed or pDsRed-Rab13DA together with pEGFP-JRAB/MICAL-L2 into PC12 cells. Fluorescence microscopic analyses demonstrated that overexpression of DsRed-Rab13DA rescued the GFP-JRAB/MICAL-L2-induced arrest of neurite formation, although that of DsRed alone did not (Fig. 3B) . These results indicate that excess JRAB/MICAL-L2 has a specific inhibitory effect on neurite outgrowth, which is abolished by overexpression of Rab13DA.
The N-terminal region of JRAB/MICAL-L2 interacts with the C-terminal region. To explain the inhibitory effect of overexpressed JRAB/MICAL-L2 on neurite extension, we hypothesized that JRAB/MICAL-L2 is autoinhibited via an intramolecular interaction and that this interaction is overcome by binding of GTP-Rab13 to JRAB/MICAL-L2. To understand the relevance of this autoinhibition in vitro, we performed pulldown assays from COS7 cells expressing Myc-tagged JRAB-F (amino acids 1 to 1009), JRAB-N (amino acids 1 to 805) or JRAB-C (amino acids 806 to 1009) using recombinant GST-JRAB-C (Fig. 4Aa) . These experiments revealed an interaction between GST-JRAB-C and Myc-JRAB-N, whereas no interactions were detectable between GST-JRAB-C and Myc-JRAB-F or between GST-JRAB-C and Myc-JRAB-C (Fig.  4Ab) . These results suggest that the N-terminal region of JRAB/MICAL-L2 interacts intramolecularly with the C-terminal region.
The N-terminal CH and LIM domains contribute to interaction with the C-terminal region. The N-terminal region of JRAB/MICAL-L2 includes two domains, the calponin-homology (CH) domain (amino acids 3 to 102) and the LIM domain (amino acids 187 to 241) (21) . To determine more specifically the site of interaction with JRAB-C, we prepared the following constructs ( Fig. 4Ba) : the CH domain alone (pCIneo-Myc JRAB-CH, amino acids 1 to 138), the LIM domain alone (pCIneo-Myc JRAB-LIM, amino acids 139 to 260), the CH domain and LIM domains together (pCIneo-Myc JRAB-CHϩLIM, amino acids 1 to 260), and the MID domain (pCIneo-Myc JRAB-MID, amino acids 261 to 805). We measured the binding of the corresponding proteins to immobilized GST-JRAB-C in the pulldown assay. We found that Myc-tagged JRAB-CHϩLIM bound very efficiently to GST-JRAB-C (Fig. 4Bb,  left panel) . Weak binding of Myc-JRAB-LIM to GST-JRAB-C was also observed. However, no interactions between GST-JRAB-C and Myc-JRAB-CH or Myc-JRAB-MID were detectable (Fig. 4Bb, left panel) . In control experiments, none of the constructs bound to GST alone (Fig. 4Bb, right panel) . These results demonstrate that the CHϩLIM domain (and particularly the LIM domain) may be the minimal domain responsible for the intramolecular interaction of the N-and C-terminal regions of JRAB/MICAL-L2.
The C-terminal region lacking the coiled-coil (CC) domain interacts with Rab13. Previously, we showed that GTP-Rab13 interacts with the C-terminal region of JRAB/MICAL-L2 (amino acids 806 to 1009) (21, 24) . We next sought to examine whether this interaction competes with the intramolecular interaction within JRAB/MICAL-L2. COS7 cells were transfected with expression vectors for Myc-tagged JRAB-CHϩLIM or GFP-tagged Rab13DA. Lysates were subjected to the same pulldown assay as before using GST-JRAB-C and other truncation mutants. These mutants were designed to contain or exclude the CC domain of the C-terminal region of JRAB/ MICAL-L2 (JRAB-CC, amino acids 806 to 912, and JRAB-CT, amino acids 913 to 1009, respectively; see Fig. 4Ca ). The results of the pulldown assay revealed that the CC domain is the site of JRAB-CHϩLIM binding, whereas the CT domain participates in the Rab13DA interaction (Fig. 4Cb) , indicating that the GTP-Rab13-and JRAB-CHϩLIM-interacting domains are separable.
Intramolecular interaction of JRAB/MICAL-L2 in PC12 cells. Finally, we analyzed the intramolecular interaction of JRAB/MICAL-L2 in PC12 cells using Duolink in situ PLA. This assay system consists of a pair of oligonucleotide-labeled secondary antibodies (PLA probes). A signal is generated only 
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The anti-JRAB/MICAL-L2 antibody was generated by GST-JRAB-C. Therefore, if the N-terminal and C-terminal regions of JRAB/MICAL-L2 interacted in PC12 cells as observed in the pulldown assay, the anti-GFP and anti-JRAB/MICAL-L2 antibodies would bind to JRAB/MICAL-L2 in close proximity (see schematic in Fig. 4D ). We observed a signal when GFP-JRAB/MICAL-L2 was expressed in PC12 cells (Fig. 4D, upper  panels) . In contrast, we observed no signal in the absence of anti-JRAB/MICAL-L2 antibody (Fig. 4D, lower panels) . These results also support a model in which JRAB/MICAL-L2 interacts with itself intramolecularly in PC12 cells. JRAB/MICAL-L2⌬CT mutant inhibits neurite outgrowth. Next, to examine whether the binding of GTP-Rab13 to JRAB/ MICAL-L2 is associated with release from the intramolecular interaction, we constructed a GFP-tagged JRAB/MICAL-L2 which lacked the Rab13-binding CT domain (GFP-JRAB/ MICAL-L2⌬CT) and examined its effect on neurite outgrowth. When GFP-JRAB/MICAL-L2⌬CT was expressed in PC12 cells, accumulation of JRAB/MICAL-L2⌬CT was observed in the perinuclear region and no significant induction of neurite outgrowth was observed in the presence of NGF (Fig.  5A) . We then examined the effect of Rab13DA on this process. In contrast to GFP-JRAB/MICAL-L2 (Fig. 3B) , Rab13DA did not rescue the inhibitory effect of JRAB/MICAL-L2⌬CT on neurite outgrowth (Fig. 5B) . These immunocytochemical data suggest that JRAB/MICAL-L2⌬CT still interacts with itself intramolecularly and that GTP-Rab13 could not release this interaction. Actually, when Myc-JRAB/MICAL-L2⌬CT was expressed in COS7 cells and subjected to the pulldown assay using GST-JRAB-C, it was not pulled down (Fig. 5C ). These results suggest that the binding of GTP-Rab13 to JRAB/ MICAL-L2 may be important for neurite outgrowth through the release of JRAB/MICAL-L2 from intramolecular interaction. We further confirmed this model by use of Duolink in situ PLA. GFP-Rab13DA was expressed in PC12 cells and the Duolink assay was performed with anti-GFP and anti-JRAB/ MICAL-L2 antibodies. Signals were detected at both the perinuclear region and the neurites (Fig. 5D ), indicating that GFP-Rab13DA interacts with endogenous JRAB/MICAL-L2 in the perinuclear region and along the Rab13-mediated neurite extensions.
JRAB/MICAL-L2⌬CC mutant does not inhibit neurite outgrowth. We next examined whether the release from the intramolecular interaction is determinant for the function of JRAB/MICAL-L2. For this purpose, we constructed JRAB/ MICAL-L2⌬CC lacking the CC domain and examined the intramolecular interaction and its effect on neurite outgrowth. When Myc-tagged JRAB/MICAL-L2⌬CC was expressed in COS7 cells and subjected to the pulldown assay using GST-JRAB-C, it was pulled down as well as Myc-tagged JRAB-N (Fig. 6A) . Moreover, when GFP-JRAB/MICAL-L2⌬CC was expressed in PC12 cells, accumulation of GFP-JRAB/MICAL-L2⌬CC did not occur at all, in contrast to GFP-JRAB/ MICAL-L2 (Fig. 3B ) and small neurites were observed (Fig.  6B) . We then examined the effect of Rab13DA on this process. Coexpression of Rab13DA with GFP-JRAB/MICAL-L2⌬CC resulted in more robust stimulation of the neurite outgrowth (Fig. 6C) . These results suggest that the release of intramolecular interaction is essential but not sufficient for neurite outgrowth.
Effect of JRAB/MICAL-L2 and JRAB/MICAL-L2⌬CT on reorganization of the actin cytoskeleton. It has been well established that reorganization of the cytoskeleton, including microtubules and F-actin, plays a crucial role in neurite outgrowth and the navigation of growth cones (2, 12) . Therefore, it seemed likely that the inhibitory effect of GFP-JRAB/ MICAL-L2 on neurite outgrowth was associated with cytoskeletal disorganization. As shown in Fig. 3A , the microtubule architecture was not drastically changed in the cell body, although the neurites were not extended. We previously showed that JRAB/MICAL-L2 was colocalized with F-actin in NIH 
Rab13 REGULATES NEURITE OUTGROWTH VIA JRAB/MICAL-L2 1083 3T3 cells (21) . We sought to examine the effect of JRAB/ MICAL-L2 expression on the reorganization of the actin cytoskeleton in PC12 cells. In differentiated PC12 cells, the tips of the neurites and the small spikes were stained with rhodamine phalloidin, and faint staining was also observed throughout the cell body (Fig. 7, lower panels) . When PC12 cells expressing GFP-JRAB/MICAL-L2 were stained with rhodamine phalloidin, the GFP-JRAB/MICAL-L2-positive compartments in the perinuclear region were strongly costained with phalloidin (Fig. 7, upper panels) . Similarly, when GFP-JRAB/MICAL-L2⌬CT was expressed in PC12 cells, GFP-JRAB/MICAL-L2⌬CT was found accumulated in the perinuclear region as described above and was costained with phalloidin ( Fig. 7 , middle panels). These results indicate that expression of JRAB/MICAL-L2 or JRAB/MICAL-L2⌬CT induced the accumulation of F-actin and that both proteins colocalized with this accumulated F-actin, suggesting that this actin cytoskeletal change might cause the inhibitory effect on neurite outgrowth. Involvement of Rab13-JRAB/MICAL-L2-actinin-4 in neurite outgrowth. Previously, we showed that actinin-4, an actinbinding protein, binds to JRAB/MICAL-L2, and that this interaction is enhanced by Rab13 activation (15) . We sought to determine whether actinin-4 is involved in Rab13-induced neurite outgrowth. We first confirmed the expression of actinin-4 in PC12 cells by immunoblotting (data not shown). We observed that actinin-4 was intracellularly localized throughout the cytoplasm of the soma, and especially to the short spikelike structures protruding from the somata (Fig. 8A, lower panels) . When GFP-Rab13DA was expressed in PC12 cells, actinin-4 was concentrated at the tip of the Rab13DA-induced neurites as well as in the cytoplasm of the soma (Fig. 8A, upper panels) . These observations were confirmed by transfection of pEGFPactinin-4 and pDsRed-Rab13DA (data not shown). Next, we examined whether actinin-4 was colocalized with Rab13 and JRAB/MICAL-L2. When GFP-Rab13DA and Myc-actinin-4 were expressed in PC12 cells, endogenous JRAB/MICAL-L2 was colocalized with GFP-Rab13DA in the perinuclear region and along the neurites, where the most prominent staining was observed at the tip (Fig. 8B) . Similarly, Myc-actinin-4 was also colocalized with these proteins at both sites. Because these observations were not sufficient to determine whether JRAB/ MICAL-L2 interacted with actinin-4 at these sites, we performed further assays using Duolink in situ PLA. GFP-Rab13DA and Myc-actinin-4 were expressed in PC12 cells, and the Duolink assay was performed with anti-JRAB/MICAL-L2 and anti-Myc antibodies. Signals were detected at both the perinuclear region and the neurites (Fig. 8C) , indicating that endogenous JRAB/MICAL-L2 interacted with actinin-4 at both sites. To confirm the finding of interaction, GFP-JRAB/MICAL-L2 was then coexpressed with HA-Rab13DA and Myc-actinin-4, and the Duolink assay was performed with anti-GFP and antiMyc antibodies. The cells expressing the three proteins showed clear signals in the cell body and the tips of the neurites (Fig.  8D) . These results suggest a role in neurite outgrowth for the Rab13-induced interaction of JRAB/MICAL-L2 with actinin-4. 
DISCUSSION
In our previous studies, we proposed a role for Rab13-JRAB/MICAL-L2 in the establishing of cell-cell adhesion and cell polarization in epithelial cells, via the transport of adhesion molecules, claudins and occludin (14, 16, 21, 24) . In addition, Di Giovanni et al. reported that Rab13 mRNA expression is increased after spinal cord injury, suggesting that it is involved in nerve regeneration (4) . Therefore, we suggest that Rab13-JRAB/MICAL-L2 might function as a key regulator of a general mechanism for cell polarization not only in epithelial cells but also in neuronal cells. In epithelial cells, claudins and occludin were identified as components of tight junction strands; they contribute to cell-cell adhesion. However, neuronal cells do not have tight junctions at the cell-cell adhesion sites and have an intrinsic deficiency in both claudins and occludin. Thus, it may be speculated that Rab13-JRAB/ MICAL-L2 is involved in the transport of other neuronal cell adhesion molecules or receptors to the synapses for synaptic formation and/or to the tip of developing neurites for neuritogenesis.
In the present study, we first showed that the expression of a constitutively active Rab13 mutant promoted neurite outgrowth from PC12 cells without NGF stimulation, whereas a dominant negative Rab13 mutant inhibits it even in the presence of NGF. These results suggest that activation of Rab13 is necessary for NGF-induced neurite outgrowth from PC12 cells. In addition, we speculate that Rab13 may be activated by NGF signaling. We previously showed by pulldown assay using GST-tagged Rab13-binding C-terminal domain of JRAB/ MICAL-L2 that Rab13 is transiently activated in MDCK cells during phorbol ester-induced cell scattering (9) . Using this method, we tried to show the activation of Rab13 induced by NGF in PC12 cells, but we could not prove this point because of the inability of our antibody to detect rat Rab13. We moreover found that knockdown of JRAB/MICAL-L2 expression inhibits Rab13-and NGF-mediated neurite elongation. These observations suggest that the Rab13-JRAB/MICAL-L2 pathway is involved in NGF-mediated neurite outgrowth. However, overexpression of JRAB/MICAL-L2 alone results in accumulation at the perinuclear region and round cell morphology, whereas coexpression of a constitutively active mutant of Rab13 rescues this effect. Hence, our findings support an attractive hypothesis: that Rab13-JRAB/MICAL-L2 regulates neurite outgrowth by maintaining a fine balance. We suggest as a possible molecular mechanism that JRAB/MICAL-L2 might have "open" and "closed" conformations. In this case, a conformational change could be induced by an interaction with GTP-Rab13, which might be similar to that described for the Rho family of small G proteins and their effector proteins (1, 10, 11, 19) . For example, N-WASP, which is implicated in filopodia formation downstream of Cdc42, shows intramolecular interaction between the N-terminal domain and the Cterminal effector domain. This interaction inhibits the activity of the effector domain, which regulates actin nucleation. Binding of Cdc42 to N-WASP reduces the affinity of the N-WASP intramolecular interaction and changes its conformation from "closed" to "open," leading to release from the inhibitory effect.
Interestingly, the pulldown assay using the GST-tagged Cterminal domain of JRAB/MICAL-L2, containing the CC and CT domain, revealed that the JRAB/MICAL-L2 N-terminal mutant lacking the C-terminal domain can bind to the fusion protein, but the full-length protein cannot. The JRAB/MICAL-L2 N-terminal region contains the CH domain and LIM domain (21, 22) . In addition, we determined that the LIM domain is mainly responsible for binding to the C-terminal region. Moreover, two different parts of the JRAB/MICAL-L2 
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